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Abstract:  Background: The effects of freezing-thawing cycles on intramedullary bone-implant interfaces have been 
studied in a rat model in mechanical pull-out tests. 
Implants: Twenty TiAl6V4 rods (Ø 0.8 mm, length 10 mm) implanted in rat tibiae 
Methods: 10 rats underwent bilateral tibial implantation of titanium rods. At eight weeks, the animals were sacrificed and 
tibiae harvested for biomechanical testing. Eight tibiae were frozen and stored at -20°C for 14 days, the remaining eight 
were evaluated immediately post-harvest. Pull-out tests were used to determine maximum force and interfacial shear 
strength. 
Results: There were no significant differences between fresh and those of the frozen-thawed group in maximum force or 
in interfacial shear strength. 
Conclusion: Frozen Storage of rat tibiae containing implants at -20° C has no effects on the biomechanical properties of 
Bone/ Implant interface. 
Keywords: Bone, implant, bone-implant-interface, fixation, freezing/thawing cycles, storage. 
1. INTRODUCTION 
  Orthopaedic and Dental implants rely on osseointegration 
to achieve mechanical fixation to the host bone, which is a 
prerequisite for a good clinical outcome [1, 2]. In the past, 
various approaches have been used to enhance peri-implant 
bone formation. Hydroxyapatite coatings [3], in combination 
with growth factors [4, 5], bisphosphonates [6] or 
biomimetic surfaces [7] have been shown to improve 
osseointegration of titanium implants. Traditionally, large 
animal models have been used to study orthopaedic and 
dental implant fixation [5, 8-10]. More recently, rat models 
have generated an increased interest [6, 11, 12]. Molecular 
studies are easy to perform, care and handling of rodents is 
more manageable and overall costs are reduced. In the rat 
model a tibial or femoral implant is frequently used to assess 
osseointegration. The conditions and procedures for all parts 
of the trial, e. g. anaesthesia, implantation procedures [13], 
storage of tissue samples and mechanical testing must be 
defined and replicated at each stage. 
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  Biomechanical testing has been performed under at least 
three conditions: fresh explanted bone [3, 5], frozen/thawed 
bone [4, 13] and dehydrated/rehydrated bone [14, 15]. In many 
reports, the condition of the bone during testing is not 
mentioned [6, 16, 17]. 
  The use of fresh bone in biomechanical tests should reveal 
optimal results, but is logistically difficult, especially when the 
sample size is large or the biomechanical testing laboratory is at 
some distance from the surgical laboratory. Additionally, there 
is a risk of losing specimens, due to unforeseen complications 
during mechanical testing. 
  The purpose of the present study was to determine, if 
freezing and storage of bones with implants at -20° C have any 
effect on its biomechanical properties utilizing mechanical pull-
out tests in a rat model. A modified rat tibial implantation 
model, described by Gao et al. [6] with bilateral implantation of 
titanium rods was used. We compared the results of mechanical 
pull out tests of samples which had been stored at -20°C and 
thawed, with those of fresh explanted tibiae. 
2. MATERIALS AND METHODOLOGY 
Animals 
  All experiments were approved by the Animal Care 
Committee of Thuringia (Reg. No. G 02-008/10). Ten, 3-220    The Open Orthopaedics Journal, 2011, Volume 5  Diefenbeck et al. 
months-old male Sprague Dawley rats (Harlan Laboratories 
GmbH,  Eystrup, Germany) weighing 300g –389 g were 
used. All were given free access to standard rat-chow and 
water. The environment was air-conditioned with a 
controlled light cycle of 12 h/dark 12 h, relatively steady 
temperature and humidity. An institutional guideline for the 
care and treatment of laboratory animals was followed. 
Implants 
  Twenty custom TiAl6V4 rods (Königsee Implantate 
GmbH, Aschau, Germany) 0.8 mm in diameter and 10 mm 
in length were used. All implants were blasted with ceramic 
beads as a standard procedure for orthopaedic implants. 
  Sterilization of the implants at 134 °C - 138 °C, 2.16 bar 
pressure for 35 minutes (Vacuklav 44B, Melag, Berlin, 
Germany) prior to implantation was performed. 
Conditions 
  Two different conditions were tested: 
Group A) Fresh explanted bone with implant in situ 
Group B)  Stored bone with implant in situ at -20°C for 14 
days 
Implant Procedure 
  Surgery was performed under general anaesthesia by 
weight-adopted intraperitoneal injection of Domitor
® 
(Meditomidin) 0.15 mg/kg BW(Pfizer, Berlin, Germany), 
Dormicum
® (Midazolam) 2.0 mg/kg BW (Ratiopharm, Ulm, 
Germany) and Fentanyl
® (Fentanyl) 0.005 mg/kg BW 
(Janssen-Cilag, Neuss, Germany). 
  Animals were prepared for surgery: Both hind legs were 
shaved and disinfected with alcohol. Sterile conditions were 
adhered to throughout the surgery using sterile drapes and 
sheets. Both hind legs were draped with a sterile incision foil 
(Raucodrape, Lohmann & Rauscher, Rengsdorf, Germany). 
A medial incision to expose the knee joint in both hind limbs 
was made 5 mm longitudinally, and a pilot hole was marked 
at the intercondylar eminence. A custom-made awl, tip size 
0.9 mm in diameter and 10 mm in length was gradually 
rotated to create a channel from the proximal tibia epiphysis 
into the medullary canal. The implants were inserted via this 
channel and positioned 2 mm beyond the articulating 
cartilage. Soft tissue was irrigated with sterile saline with 
fascia and skin incisions were closed in single-knot 
technique (Vicryl 5/0 and Prolene 5/0, Ethicon, Norderstedt, 
Germany). Prophylactic IM antibiotic (Terramycin, Pfizer 
GmbH, Berlin, Germany) and analgesics (Buprenovet, 
Bayer, Leverkusen, Germany) were administered once at the 
time of surgery. Implant position was monitored and 
confirmed by X-ray. General anaesthesia was reversed by 
Antisedan
® (Atipamezol) 0.75 mg/kg BW (Pfizer, Berlin, 
Germany), Flumazenil-hameln
® (Flumazenil) 0.2 mg/kg BW 
(Invera Arzneimittel GmbH, Freiburg, Germany) and 
Naloxon (Naloxon) 0.12 mg/kg BW (Deltaselect GmbH, 
Dreieich, Germany). 
Explant Procedure 
  The animals were sacrificed at eight weeks. Tibiae were 
harvested and cleared of all soft tissue. In group A), the 
tibiae were processed immediately and mechanical testing 
was completed within 4 hours while samples of group B) 
were stored at – 20°C for the next 14 days. 
  Tibia epi- and metaphysis were trimmed to expose the 
proximal tip of implant for 2 mm - 3 mm by using a bur 
(Minimot 40IE, Proxxon, Niersbach/Eifel, Germany) to 
prepare the implant for mechanical testing. 
  This was carried out in group A) right after explantation; 
in group B) the samples were frozen, processed and then re-
frozen at -20°C. 
Biomechanical Testing 
  Due to one surgical site infection and one anaesthetic 
complication the sample size was reduced to 8 implants in 
each group. 
  The biomechanical property of the bone/implant-
interface was assessed using a pull-out test. The distal part of 
the tibia was embedded in polyester resin (CEM 2000, 
Cloeren Technology GmbH, Wegberg, Germany), which is 
selected as it does not develop high temperatures during 
polymerisation. For embedding, a custom made fixture was 
used to permit coaxial alignment of the implant in the 
direction of force (Fig. 1). 
  The tibiae were tested in a commercial material testing 
system (Tiratest 2710, Tira GmbH, Schalkau, Germany) post 
air-thawing at room temperature (Fig. 2). A distraction speed 
of 1 mm/min was set for the test, with a load-displacement 
curve recorded simultaneously. The resultant curves allow a 
maximum force to be determined and interfacial shear 
strength then calculated by dividing the force (N) at the point 
of failure by the surface area of the implant in contact with 
tissue (mm
2). 
Statistical Analysis 
  Data are presented in Figs. (1,  2) as box-and-whisker 
plots indicating median, quartiles, whiskers and outliers. 
StatGraphics Centurion (Statpoint Technologies, Inc., 
Warrenton, Virginia, USA) was used for statistical analysis. 
One-way analysis of variance (ANOVA) following multiple 
comparisons with Fisher's least significant difference (LSD) 
procedure at the 95.0% confidence level was performed to 
determine if there were significant differences. 
RESULTS 
  A total of 8 tibiae from each group have been included in 
this analysis. Biomechanical testing revealed no significant 
influence of the different conditions (fresh vs. frozen-
thawed) on maximum force required to extract the implant or 
on the corresponding interfacial shear strength (Figs. 3, 4). 
DISCUSSION 
  Several studies have been performed to assess the effects 
of tissue preservation on the mechanical properties of bone 
in different animal models [18-23]. Usually, mechanical 
properties of whole bone in 4-point bending tests [20, 21, 23, 
24] or of bone slices in compression tests [18, 19] and 
indentations tests [19] are evaluated. Almost all of these 
studies have found no significant difference between fresh 
and frozen samples on mechanical testing [18-21, 23, 24]. 
  Given the large difference in linear thermal expansion 
coefficients between fresh bone (89 ± 2 x 10
-6/K) [25] and Frozen/Thawed Rat Tibiae Maintain Mechanical Properties  The Open Orthopaedics Journal, 2011, Volume 5    221 
titanium (8.5 x 10
-6/K) [26], we hypothesized that a 
significant difference may exist between fresh and frozen-
thawed samples in mechanical testing of bone/implant-
interfaces. 
 
Fig. (2). Mechanical pull out tests: The implant was fixed via  a 
three jaw drill chuck to the testing system. 
 
Fig. (3). Maximum force in [N] measured by pull out tests: No 
statistically significant differences between fresh (Group A) and 
frozen- thawing (Group B) samples at the 95.0% confidence level 
(Fisher's least significant difference (LSD) procedure). 
  We utilized an in vivo tibial implant model in rats to 
analyze the osseointegration of titanium alloy implants. The 
intramedullary implants are fixed by de novo bone 
formation. This thin bone/implant-interface, which had 
developed over the eight weeks, may be more susceptible to 
effects of tissue preservation. 
  Reports of different preservation techniques in 
intramedullary implant fixation and mechanical pull-out tests 
are scarce. Huss BT et al. reported no difference in pull-out 
testing of cortical Steinmann pins in frozen or fresh 
cadaveric canine bone and also of implants placed in in vivo 
[22]. In our in vivo model, we compared fresh to frozen 
implant-bone interfaces. 
  Group B (frozen/thawed) showed a trend towards a lower 
shear strength in the mechanical testing, which was not 
significant (average shear strength group B 0.45 ± 0.13 
        
Fig. (1). Photo of the experimental set-up: The implant was fixed in a custom made device, permitting coaxial alignment and then embedded 
in a polyester resin. 222    The Open Orthopaedics Journal, 2011, Volume 5  Diefenbeck et al. 
N/mm
2  vs. group A 0.63 ± 0.09 N/mm
2). A possible 
explanation for this trend could be that the bone/implant 
interface was weakened by the freezing/thawing cycles. No 
significant difference regarding maximal pull out force and 
shear strength was found between fresh samples and those 
stored at -20° and air thawed. These results seem to be in 
general agreement with the findings on whole bone without 
implants, despite the bone-implant interface being prone to 
adverse effects of tissue preservation. 
 
Fig. (4). Shear strength in [N/mm
2] measured by pull out tests: No 
statistically significant differences between fresh (Group A) and 
frozen- thawing (Group B) samples at the 95.0% confidence level 
(Fisher's least significant difference (LSD) procedure). 
CONCLUSION 
  Freezing and thawing does not significantly affect the 
maximum force and interfacial shear strength in mechanical 
pull-out tests when evaluating implant fixation in a rat tibial 
model. Sample storage at -20°C can be used to simplify the 
experimental set-up. 
ACKNOWLEDGEMENT 
  This work was supported by Thüringer Aufbaubank 
through a grant from the “Europäischer Fonds für regionale 
Entwicklung” [EFRE] (2008 VF 0048). 
REFERENCES 
[1]  Bauer TW, Schils J. The pathology of total joint arthroplasty: 1. 
mechanisms of implant fixation. Skeletal Radiol 1999; 28 (8): 423-32. 
[2]  Mjöberg B. The theory of early loosening of hip prostheses. 
Orthopedics 1997; 20 (12): 1169-75. 
[3]  Wermelin K, Suska F, Tengvall P, Thomsen P, Aspenberg P. Stainless 
steel screws coated with bisphosphonates gave stronger fixation and 
more surrounding bone. Histomorphometry in rats. Bone 2008; 42 (2): 
365-71. 
[4]  De Ranieri A, Virdi AS, Kuroda S, et al. Local application of rhTGF-ß2 
enhances peri-implant bone volume and bone-implant contact in a rat 
model. Bone 2005; 37 (1): 55-62. 
[5]  Sachse A, Wagner A, Keller M, et al. Osseointegration of hydroxy-
apatite-titanium implants coated with nonglycosylated recombinant 
human bone morphogenetic protein-2 (BMP-2) in aged sheep. Bone 
2005; 37 (5): 699-710. 
[6]  Gao Y, Zou S, Liu X, Bao C, Hu J. The effect of surface immobilized 
bisphosphonates on the fixation of hydroxyapatite-coated titanium 
implants in ovariectomized rats. Biomaterials 2009; 30 (9): 1790-6. 
[7]  Hennessy KM, Clem WC, Phipps MC, Sawyer AA, Shaikh FM, Bellis 
SL. The effect of RGD peptides on osseointegration of hydroxyapatite 
biomaterials. Biomaterials 2008; 29 (21): 3075-83. 
[8]  Chen PQ, Turner TM, Ronnigen H, Galante J, Urban R, Rostoker W. A 
canine cementless total hip prosthesis model. Clin Orthop Relat Res 
1983; 176: 24-33. 
[9]  Yoshinari M, Oda Y, Inoue T, Matsuzaka K, Shimono M. Bone 
response to calcium phosphate coated and bisphosphonate-immobilized 
titanium implants. Biomaterials 2002; 23(14): 2879-85. 
[10]  Turner TM, Sumner DR, Urban RM, Rivero DP, Galante JO. A 
comparative study of porous coatings in an weight-bearing total hip-
arthroplasty model. J Bone Joint Surg Am 1986; 68(9): 1396-409. 
[11]  Hara T, Hayashi K, Nakashima Y, Kanemaru T, Iwamoto Y. The effect 
of hydroxyapatite coating on the bonding of bone to titanium implants 
in the femora of ovariectomised rats. J Bone Joint Surg Br 1999; 81(4): 
705-9. 
[12]  Schmidmaier G, Wildemann B, Schwabe P, et al. A new 
electrocemically graded hydroxyapatite coating for osteosynthetic 
implants promotes implant osseointegration in a rat model. J Biomed 
Mater Res 2002; 63 (2): 168-72. 
[13]  De Ranieri A, Virdi AS, Kuroda S, Healy KE, Hallab NJ, Sumner DR. 
Saline irrigation does not affect bone formation or fixation strength of 
hydroxyapatite/tricalcium phosphate-coated implants in a rat model. J 
Biomed Mater Res B Appl Biomater 2005; 74(2): 712-7. 
[14]  Gabet Y, Müller R, Levy J, et al. Parathyroid hormone 1-34 enhances 
titanium implant anchorage in low-density trabecular bone: A 
correlative micro-computed tomographic and biomechanical analysis. 
Bone 2006; 39(2): 276-82. 
[15]  Gabet Y, Kohavi D, Voide R, Mueller TL, Müller R, Bab I. Endosseous 
implant anchorage is critically dependent on mechanostructural 
determinants of peri-implant bone trabeculae. J Bone Miner Res 2010; 
25(3): 575-83. 
[16]  Tengvall P, Skoglund B, Askendal A, Aspenberg P. Surface 
immobilized bisphosphonates improves stainless-steel screw fixation in 
rats. Biomaterials 2004; 25(11): 2133-8. 
[17]  Peter B, Pioletti DP, Laib S, et al. Calcium phosphate drug delivery 
system: influence of local zoledronate release on bone implant 
osseointegration. Bone 2005; 36(1): 52-60. 
[18]  Linde F, Sorensen HC. The effect of different storage methods on the 
mechanical properties of trabecular bone. J Biomech 1993; 26(10): 
1249-52. 
[19]  Kang Q, An YH, Friedman RJ. Effects of multiple freezing-thawing 
cycles on ultimate indentation load and stiffness of bovine cancellous 
bone. Am J Vet Res 1997; 58(10): 1171-3. 
[20]  Van Haaren EH, van der Zwaard BC, van der Veen AJ, Heyligers IC, 
Wuisman P, Smit TH. Effect of long-term preservation on the 
mechanical properties of cortical bone in goats. Acta Orthop 2008; 
79(5): 708-16. 
[21]  Nazarian A, Hermannsson BJ, Muller J, Zurakowski D, Snyder BD. 
Effects of tissue preservation on murine bone mechanical properties. J 
Biomech 2009; 42(1): 82-6. 
[22]  Huss BT, Anderson MA, Wagner-Mann CC, Payne JT. Effects of 
temperature and storage on pin pull-out testing in harvested canine 
femurs. Am J Vet Res 1995; 56(6): 715-9. 
[23]  Pelker RR, Friedlaender GE, Markham TC, Panjabi MM, Moen CJ. 
Effects of freezing and freeze-drying on the biomechanical properties of 
rat bone. J Orthop Res 1984; 1(4): 405-11. 
[24]  Goh JC, Ang EJ, Bose K. Effect of preservation medium on the 
mechanical properties of cat bones. Acta Orthop Scand 1989; 60(4): 
465-7. 
[25]  Lang SB. Thermal Expansion coefficients and the primary and 
secondary pyroelectric coefficients of animal bone. Nature 1969; 
224(5221): 798-9. 
[26]  The physics hypertextbook. Available from: URL: 
http://www.physics.info/expansion/ accessed on 04/15/2011. 
 
 
Received: February 19, 2011  Revised: May 6, 2011  Accepted: May 9, 2011 
 
© Diefenbeck et al.; Licensee Bentham Open. 
 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) 
which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited. 